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Introduction {#sec005}
============

Treatment failure among HIV-positive children is a growing concern.\[[@pone.0205455.ref001]\] In resource-limited settings, where access to second- or third-line combination antiretroviral therapy (cART) for HIV-positive children is frequently restricted, managing virologic failure is especially challenging.\[[@pone.0205455.ref002]\] Children and adolescents face a number of adherence barriers, and drug formulations are often unpalatable with large pill burdens^.^\[[@pone.0205455.ref003]--[@pone.0205455.ref005]\] Switching children with virologic failure, who have suspected or proven poor adherence, to a new regimen runs the risk of increasing resistant mutations, thus limiting future treatment options. The South African national guidelines recommend holding strategies for those with ongoing adherence challenges.\[[@pone.0205455.ref006]\]

Lamivudine monotherapy (LM) is one such holding regimen. This commonly used holding strategy reduces the pill burden to patients and allows time for adherence barriers to be addressed. It is also used whilst awaiting access to second- or third-line regimens, not always readily available. Lamivudine has a low genetic barrier to resistance and most patients with virologic failure develop the M184V mutation.\[[@pone.0205455.ref007]\] LM retains this HIV variant which has reduced viral fitness and may therefore slow immune decline whilst ensuring new drug resistance does not develop.\[[@pone.0205455.ref008]--[@pone.0205455.ref013]\]

There are few studies of the use and effectiveness of LM in children, despite it being recommended in national guidelines. Three small South African studies found that CD4 count declined slowly on LM and those with higher CD4s did not experience significant declines.\[[@pone.0205455.ref014]--[@pone.0205455.ref017]\] We aimed to describe the characteristics and outcomes of children placed on LM, to provide further evidence to guide the appropriate use of this treatment strategy, using data from the International epidemiologic Database to Evaluate AIDS (IeDEA) Southern Africa collaboration, which combines data across multiple sites across Southern Africa.

Materials and methods {#sec006}
=====================

Study design, setting and population {#sec007}
------------------------------------

Data were collected prospectively from five IeDEA-SA cohorts in South Africa. IeDEA is a multi-regional HIV cohort collaboration, which has been previously described.\[[@pone.0205455.ref018]\] The requirement for informed consent has been waived as only anonymized data already collected as part of routine monitoring is contributed to the collaborative dataset. All sites have local institutional ethics approval to contribute data to IeDEA-SA analyses as follows: University of Cape Town (Khayelitsha ART Programme, Red Cross Children's Hospital); University of Witwatersrand (Harriet Shezi Clinic, Rahima Moosa Mother and Child Hospital); and University of Stellenbosch (Tygerberg Academic Hospital).

We included data from children (\<16 years) initiating cART after 2004, with a record of being on LM at some point in their treatment history. Outcomes and more detailed analysis was performed on patients who received LM for more than 90 days. Database closure ranged from October 2015 to February 2016 across sites.

Treatment regimens {#sec008}
------------------

All sites made use of routine viral load (VL) monitoring and are part of the South African national ART program. The following treatment guidelines were in place during the study period: Before 2007 the recommended first-line regimen was stavudine, lamivudine and either efavirenz, or, for those starting treatment younger than three years of age, lopinavir/ritonavir (LPV/r). For those with tuberculosis or starting treatment under the age of six months, LPV/r was replaced with ritonavir alone.\[[@pone.0205455.ref019]\] After 2007, LPV/r was recommended for all children under the age of three years, with ritonavir super-boosting when co-treating for tuberculosis.\[[@pone.0205455.ref020], [@pone.0205455.ref021]\] From 2010, abacavir replaced stavudine in the recommended first-line regimen.

The recommended second-line regimen prior to 2010 was to change at least one of the nucleoside reverse transcriptase inhibitors (NRTIs) and replace efavirenz with LPV/r (if on efavirenz-based first-line), or switch to non-nucleoside reverse transcriptase inhibitor (NNRTI)-based second-line for those on protease-inhibitor (PI) based first-line.\[[@pone.0205455.ref019]\] The recommendation of switching to NNRTI-based second-line was replaced in the 2010 guidelines: for children failing LPV/r-based regimens specialist referral was recommended. For those who have failed PI-based cART, access to third-line or salvage regimens is through a national committee who reviews each patient's treatment history individually. These regimens typically include drugs that may be difficult to access, such as new generation PIs like darunavir, or integrase inhibitors like raltegravir. Resistance testing was not routinely available during the study period.

Key variables {#sec009}
-------------

Demographic, laboratory and clinical data at cART start and at the start of LM included age, gender, CD4 count and CD4%, age-adjusted weight and height z-scores, WHO stage, immune status according to WHO 2006 criteria for immunosuppression,\[[@pone.0205455.ref022]\] and first-line cART regimen. We considered additional characteristics at the start of LM, specifically nadir CD4% and VL prior to LM start, history of treatment interruption (defined as discontinuing all antiretrovirals for at least 7 days), and resistance profile where available. We also examined clinical data of patients whilst on LM including death, clinical disease and WHO stage 3 or 4 events. We considered disease events to be any opportunistic infection or incident HIV-associated diagnoses recorded in our dataset.

Analysis {#sec010}
--------

In this analysis, we described the characteristics of patients receiving LM summarizing continuous and categorical variables using medians and interquartile ranges, and proportions respectively. For patients with multiple episodes of LM, the first episode of at least 90 days was used. To better understand immunologic outcomes we explored mean changes in CD4 count whilst on LM, as well as immune decline, which we defined as either a drop in CD4 below 500 cells/μL for those starting LM with CD4 above 500 cells/μL, or for those starting LM with CD4 count of 500 or below, a drop in CD4 of more than 10%. We used Kaplan-Meier estimates for children on LM for at least 90 days and with at least 6 months of follow-up on LM to predict probability of immune decline whilst on LM. Survival was calculated from the date of LM start until either the date that immune decline was recorded, death, or censoring at the last clinical visit recorded before database closure. Predictors of immune decline whilst on LM were determined using Cox-proportional hazards models adjusting for age at cART start, characteristics prior to LM start including treatment interruption, nadir CD4 count and type of cART regimen, as well as duration on LM. To account for the non-independence of repeated CD4 measures taken for each patient, we used a linear mixed-effects regression models to determine the mean change in absolute CD4 count at 6 months on LM for patients with different characteristics at LM start. We also explored the immunologic and virologic outcomes for patients who resumed cART and had at least one subsequent CD4 count or VL. Kaplan-Meier estimates were used to predict the probability of virologic suppression (VL\<1000) for those who resumed cART after LM. We used Cox-proportional hazards models to determine predictors of virologic suppression after cART resumption adjusting for age at LM start and current regimen after resuming cART. To explore the immunologic changes after cART resumption we calculated the CD4 slope for each child, as the difference between the CD4 at resumption of cART (up to 90 days prior and 7 days post cART resumption) and the first CD4 count taken within a year of cART resumption, divided by the time in months between these two measurements. We used linear regression to explore associations with change in CD4 after cART resumption adjusting for CD4 at cART resumption (\> = 500 or \<500), age at cART resumption and exposure to PI-based cART prior to LM. For multivariate models we included a number of variables relating to characteristics at cART start (age, immune suppression), at LM start (time on cART, time with virologic failure, most recent VL, most recent CD4 count, recorded PI resistance, history of treatment interruption, cART regimen, nadir CD4 count) and whilst on LM (duration of LM, experiencing an OI) *a priori*. For models relating to characteristics after cART resumption after LM we included age at LM start, current regimen after resuming cART, duration on LM, treatment interruption prior to LM, nadir CD4, CD4 at cART resumption, age at cART resumption, exposure to PI-based cART prior to LM. Final models were built by sequentially excluding variables through backwards selection using p-values. Statistical analysis was performed using Stata version 15 (STATA Corporation, College Station, TX).

Results {#sec011}
=======

Characteristics of patients at ART and LM start {#sec012}
-----------------------------------------------

In total, 228 patients (132, 58% male) with a history of being on LM were included in the study. At cART start, median age was 7.4 years (IQR 3.2--10.0), median CD4 count was 348 cells/μL (IQR 190--616), median CD4% was 12.7% (IQR 7.6--18.0), and 118 (52%) were immune-suppressed. Most patients were initiated on efavirenz-based first-line regimens (70%), with 57 (25%) on PI-based first-line ([Table 1](#pone.0205455.t001){ref-type="table"}).

10.1371/journal.pone.0205455.t001

###### Characteristics of children at cART start and at start of lamivudine monotherapy (LM) (n = 228).

![](pone.0205455.t001){#pone.0205455.t001g}

                                                                                     Median (IQR) or N(%)      
  --------------------------------------------------------- ------------------------ ------------------------- ------------------------
  Age in years                                                                       7.4 (3.2, 10.0)           12 (7.3, 14.6)
  CD4 count, n                                                                       348 (190, 616), 163       605.5 (427, 901), 218
  CD4%                                                                               12.7 (7.6, 18.0), 160     22.2 (16.2, 28.2), 217
  Immunosuppression[^1^](#t001fn001){ref-type="table-fn"}                            118 (72%), 165            42 (20%), 207
  Weight-for-age Z-score                                                             -1.8 (-2.7, -0.9), 136    -0.8 (-1.8, -0.4), 217
  Height-for-age Z-score                                                             -2.4 (-3.3, -1.5), 163    -1.9 (-2.7, -1.0), 215
  cART regimen                                              NNRTI-based firstline    165 (72%)                 110 (48%)
                                                            NNRTI-based secondline                             13 (6%)
                                                            PI-based firstline       57 (25%)                  41 (18%)
                                                            PI-based secondline                                52 (23%)
                                                            Unknown                  3 (1%)                    21 (9%)
                                                            Non-cART                 2 (1%)                    
                                                            Other non-standard       1 (0%)                    2 (1%)
                                                            Other holding regimen                              2 (1%)
                                                            Thirdline                                          1 (0%)
  WHO stage at cART start                                   Stage 3 or 4             122 (54%)                  
                                                            Unknown                  85 (37%)                   
  Year of cART Start                                        2002--2005               51 (22%)                   
                                                            2006--2009               110 (48%)                  
                                                            2010--2014               67 (29%)                   
  Duration (years) on cART at LM start                                                                         3.6 (2.0, 5.9)
  CD4\<500 at LM start                                                                                         73 (33%)
  Nadir CD4 at LM start, n                                                                                     330 (176, 515), 218
  Log~10~ Viral Load at LM start, n                                                                            4.2 (3.7, 4.7), 217
  Time with unsuppressed VL prior to LM (\>400)                                      421.5 (234.5, 794), 217   
  Treatment interruption prior to LM                                                                           21 (9%)

^1^ According to WHO 2006 criteria for immunosuppression

At LM start the median age was 12.0 years (IQR 7.3--14.6) and patients had been on cART for a median of 3.6 years (IQR 2.0--5.9), with median CD4 and CD4% of 605.5 cells/μL (IQR 427--901) and 22.2% (16.2--28.2), respectively; median VL was 4.2 log~10~ (IQR 3.7--4.7). Median time with unsuppressed VL, calculated as the total time between the first consecutive unsuppressed VL measurement and the date of LM start, was 421.5 days (IQR 234.5--794), with a median of 4 (IQR 2--5) unsuppressed VL measurements. Time with unsuppressed VL prior to LM has decreased in more recent years: among those with at least 2 years of follow-up following their first consecutive unsuppressed VL and those starting LM within 2 years of their first consecutive unsuppressed VL, the median time with unsuppressed VL declined (2002--2005: 371 days (IQR 259--519), 2006--2009: 285 days (IQR 151--472), 2010--2014: 280 days (IQR 201--425)). Prior to LM start, 110 (48%) were on efavirenz-based first-line regimens, whilst 108 (47%) had had prior exposure to PI-based regimens, one patient was on a third-line regimen, two had been on other holding regimens, and seven had unknown treatment history.

Prior to initiating LM, 116 (51%) had undergone resistance testing. Among those tested, 107 (92%) patients had resistance to lamivudine with the majority having high level resistance (96%, n = 103). Over half of patients had no PI resistance (72, 62%), whilst 10 (9%) were resistant to all PI's.

Of 69 patients with recorded PI-exposure prior to LM and a resistance test, 38 (55%) had no PI resistance, 10 (15%) were resistant to only nelfinavir, 12 (17%) were resistant to some PIs and 9 (13%) were resistant to all PIs.

Outcomes on LM {#sec013}
--------------

At study closure the median duration on LM was 309 days (IQR 94.5--644), and 174 (76%) children were on LM for more than 90 days. Four patients had been on LM on multiple occasions between periods of receiving cART.

Three patients died whilst on LM, although details on cause of death were not available. All had a CD4 at LM start \>500 cells/μL and had previously been on PI-based cART (2 after first-line PI, 1 after second-line PI). Time on LM for the 3 patients ranged from less than 6 months to over 18 months, one patient dropped to a CD4\<50 whilst on LM. In total, there were 114 new disease events among 53 patients whilst on LM. The median time to first disease event was 94.5 days (IQR 45--359). There were 18 (8%) patients who experienced 26 WHO stage 3 or 4 event whilst on LM, the most common being extra pulmonary tuberculosis (5), recurrent bacterial pneumonia (4), oral candidiasis (3), chronic HIV-associated lung disease (3), and acute necrotising ulcerative stomatitis, gingivitis or periodontitis (3).

At study closure, out of all 228 children, 167 patients had been switched from LM, 149 of whom resumed cART. The majority, 135, were switched to or resumed PI-based regimens (84 switched, 47 resumed, and 4 had unknown treatment history), and 12 switched to or resumed NNRTI-based regimens (7 resumed first-line, 1 resumed second-line, 3 were switched to second-line, 1 unknown). One patient was switched to a third-line regimen, after having been on PI-based second-line prior to LM, and one patient was switched to a non-standard cART regimen. Among the 18 patients not resuming cART, 4 were switched to other holding regimens (all containing 2 NRTIs only), and 14 discontinued all treatment. We did not have data on the reasons for treatment discontinuation, and the decision to stop all treatment may have been planned and recommended by a clinician, or the decision of the patient.

Immune decline on LM {#sec014}
--------------------

In total 147 patients were on LM for more than 90 days, had a recorded CD4 count at LM start, and at least one subsequent CD4 count measured whilst receiving LM. The median time from the CD4 count at LM start to the last CD4 on LM was 413 days (IQR 231--752). On average CD4 count measurements were taken every 132 days or every 4.3 months whilst on LM, and the median time between CD4 measurements on LM was 112 days (IQR 91--158). The median CD4 decline, from CD4 at LM start to the last recorded CD4 count on LM, was 148 cells/μL (IQR 28--414), 115 (78%) experienced a drop in CD4 ≥10%, and among the 112 with CD4 ≥500 cells/μL at LM start 46% experienced a drop in CD4 to \<500 cells/μL whilst on LM.

Results from our mixed effects model predicted an average CD4 decline at 6 months on LM of 46.5 cells/μL (95% CI 37.7--55.4) from a mean CD4 of 708.4 to a mean of 661.9 cells/μL (95% CI 601.8--721.9). CD4 count at LM start influenced immune decline on LM. The predicted average decline in CD4 at 6 months on LM for those with CD4 \<500 was 21.5 cells/μL (95% CI 9.7--33.2) to a mean CD4 of 306.8 cells/μL (276.2--337.5). For those with CD4 ≥500 at LM start, the predicted decline at 6 months was 55.5 cells/μL (95%CI 47.4--63.6), to a mean CD4 of 752.3 cells/μL (95% CI 704.4--800.2). To illustrate the difference in CD4 decline for patients of different characteristics, we estimated the average CD4 count at 6 months on LM for patient of varying age, duration on cART, nadir CD4 and CD4 at LM start. These results are summarized in [Table 2](#pone.0205455.t002){ref-type="table"}.

10.1371/journal.pone.0205455.t002

###### Estimated CD4 count decline (95% confidence intervals) at 6 months on lamivudine monotherapy (LM) for children with specific age, duration on cART, nadir CD4 and CD4 count at LM start (n = 135)[\*](#t002fn001){ref-type="table-fn"}.

![](pone.0205455.t002){#pone.0205455.t002g}

  Age at LM start (years)   Duration on cART prior to LM (years)   Nadir CD4                 CD4 at LM start = 1000    CD4 at LM start = 500
  ------------------------- -------------------------------------- ------------------------- ------------------------- -------------------------
  10                        2                                      100                       581.64 (403.99, 759.29)   329.11 (207.84, 450.39)
  500                       489.05 (326.04, 652.06)                236.53 (107.91, 365.14)                             
  6                         100                                    497.29 (330.69, 663.90)   244.77 (129.58, 359.95)   
  500                       404.71 (249.26, 560.16)                152.18 (23.75, 280.62)                              
  15                        2                                      100                       652.59 (437.81, 867.36)   400.06 (233.17, 566.95)
  500                       560.00 (354.73, 765.28)                307.48 (132.31, 482.64)                             
  6                         100                                    568.24 (369.97, 766.52)   315.72 (162.76, 468.68)   
  500                       475.66 (284.04, 667.28)                223.14 (56.94, 389.34)                              

\*This table provides the estimates for the decline in CD4 count after 6 months on LM for children of specific characteristics. Eg A child aged 10 years at the start of LM, on cART for 2 years prior to LM with a nadir CD4 of 100 and a CD4 at LM start of 1000 will have experienced a drop in CD4 count of 581.6 cells/uL after 6 months on LM

According to our definition, 76 (52%) patients experienced immune decline on LM, with an estimated probability of immune decline after 6 months on LM of 22.2% (95% CI 16.6%-29.3%). Predictors of immune decline are summarized in [Table 3](#pone.0205455.t003){ref-type="table"}. Older age was associated with increased risk of immune decline; those over 9 years old had a four-fold increase in risk compare to those under 2 years (aOR 4.2, 95% CI 2.2--8.3). Those on third-line or NNRTI-based second-line were also at increased risk of immune decline compared to those on NNRTI-based first-line prior to LM start (aOR 3.43, 95% CI 1.6--7.6). Treatment interruption prior to LM, and lower nadir CD4 count were also associated with immune decline as was shorter time on LM, likely because of switch from LM in those with immune decline or clinical deterioration.

10.1371/journal.pone.0205455.t003

###### Univariate and multivariable associations with a decline in CD4 of more than 10% from lamivudine monotherapy (LM) start OR drop in CD4 count below 500 in those with CD4\>500 at LM start, stratified by site.
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  Characteristic at ART or LM start             Unadjusted HR (95% CI), n = 157   p      Adjusted HR (95% CI), n = 157                  p         
  --------------------------------------------- --------------------------------- ------ ---------------------------------------------- --------- ---------------------------------------------
  Age in years at ART start                     \<2                               1      \<0.001[\*](#t003fn001){ref-type="table-fn"}   1.00      0.0007[\*](#t003fn001){ref-type="table-fn"}
  2--6                                          2.24 (1.29, 3.91)                        2.27 (1.16, 4.45)                                        
  6--9                                          3.08 (1.78, 5.35)                        2.78 (1.34, 5.77)                                        
  \>9                                           4.92 (2.95, 8.21)                        4.15 (2.17, 8.34)                                        
  Complete treatment interruption prior to LM   1.39 (0.92, 2.10)                 0.12   3.69 (1.78, 7.69)                              \<0.001   
  Nadir CD4 prior to LM start                   \> = 500                          1      \<0.001[\*](#t003fn001){ref-type="table-fn"}   1.00      0.0054[\*](#t003fn001){ref-type="table-fn"}
  \> = 350 - \<500                              2.07 (1.29, 3.35)                        1.95 (1.14, 3.34)                                        
  \> = 200 - \<350                              2.42 (1.54, 3.80)                        2.30 (1.36, 3.90)                                        
  \<200                                         3.45 (2.19, 5.42)                        2.40 (1.42, 4.07)                                        
  Time on LM                                    90 days to 6 months               1      \<0.001[\*](#t003fn001){ref-type="table-fn"}   1.00      0.0041[\*](#t003fn001){ref-type="table-fn"}
  6 months---1 year                             0.61 (0.28, 1.33)                        0.53 (0.23, 1.24)                                        
  1--2 years                                    0.46 (0.21, 1.00)                        0.47 (0.20, 1.08)                                        
  \> 2 years                                    0.18 (0.08, 0.41)                        0.23 (0.09, 0.56)                                        
  Regimen Prior to LM start                     NNRTI-based first-line            1      \-                                             1.00      
  PI-based first or second-line                 0.74 (0.52, 1.04)                 0.08   1.24 (0.83, 1.87)                              0.294     
  Third line or NNRTI-based second-line         0.79 (0.43, 1.46)                 0.46   3.43 (1.55, 7.60)                              0.002     
  Other / Unknown                               1.23 (0.65, 2.34)                 0.53   2.37 (1.13, 4.96)                              0.022     

\*Derived from Wald\'s test

Outcomes after resuming cART {#sec015}
----------------------------

[Table 4](#pone.0205455.t004){ref-type="table"} summarizes the characteristics of patients resuming cART after LM among those on LM for at least 90 days, at three time points: at LM start, on resumption of cART and 6 months thereafter. Median CD4 count returned to pre-LM levels and VL was reduced. Results from our regression analysis estimate a median CD4 slope of 15.65 cells/uL per month (IQR 1.52, 45.54). Given the small sample size we failed to demonstrate statistically significant associations with change in CD4, but those with CD4 ≥500 cells/μl on resumption of cART tended to have smaller increases in CD4 post cART resumption compared to those with CD4 \<500 cells/μl (mean change 15.53 vs 36.02 per month).

10.1371/journal.pone.0205455.t004

###### Characteristics of patients who resumed cART after \>90 days on lamivudine monotherapy (LM), n = 103.
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                                                                LM start                     cART resumption             6 months after cART resumption
  ------------------------------------------------------------- ---------------------------- --------------------------- --------------------------------
  Age in years[\*](#t004fn001){ref-type="table-fn"}             12.01 (8.19, 14.08)          13.55 (9.60, 15.51)         14.01 (10.06, 15.81), n = 88
  \< = 5                                                        14 (14%)                     4 (4%)                      4 (5%)
  \>5 - \< = 10                                                 20 (19%)                     24 (23%)                    18 (20%)
  \>10 - \< = 15                                                50 (49%)                     46 (45%)                    37 (42%)
  \>15                                                          19 (18%)                     29 (28%)                    29 (33%)
  CD4 count (cells/μl)[\*](#t004fn001){ref-type="table-fn"}     547 (368.5, 827.5), n = 88   357.5 (270, 575), n = 64    552 (310, 796), n = 74
  \<200                                                         2 (2%)                       10 (16%)                    7 (9%)
  \> = 200--350                                                 14 (16%)                     20 (31%)                    15 (20%)
  \> = 350--500                                                 22 (25%)                     17 (27%)                    10 (14%)
  \> = 500                                                      50 (57%)                     17 (27%)                    42 (57%)
  log~10~ VL (copies/ml)[\*](#t004fn001){ref-type="table-fn"}   4.18 (3.70, 4.62), n = 90    4.55 (4.01, 5.16), n = 30   2.81 (1.88, 4.36), n = 73
  VL\<1000                                                      6 (7%)                       3 (10%)                     40 (55%)
  Regimen after LM                                                                                                       
  First-line NNRTI                                              52 (50%)                     7 (7%)                      6 (7%)
  Second-line NNRTI                                             4 (4%)                       4 (4%)                      4 (5%)
  First- or second-line PI                                      42 (41%)                     89 (86%)                    69 (78%)
  Third-line                                                    0 (0%)                       2 (2%)                      4 (5%)
  Other cART                                                    1 (1%)                       1 (1%)                      1 (1%)
  Non-cART                                                      1 (1%)                       0 (0%)                      3 (3%)
  Unknown                                                       3 (3%)                       0 (0%)                      0 (0%)
  Discontinued all cART                                         0 (0%)                       0 (0%)                      1 (1%)

\*Median (IQR), n = 103 unless otherwise indicated

Among the 103 patients resuming cART after at least 90 days on LM, 62% (64) achieved virologic suppression after resuming cART, with estimated probability of VL suppression by 6 months after cART resumption of 66.6% (95% CI 59.3--73.7). In adjusted analysis, those on PI-based cART were more likely to suppress compared to those resuming NNRTI-based cART (aOR 1.9, 95% CI 1.3--2.8). Age was associated with VL suppression, with those 5 years or younger (aOR 2.1 (95% CI 1.6--2.7), those 5 to 10 years of age (aOR 1.9 (95% CI 1.5--2.3) and those aged 10 to 13 years (aOR 1.1 (95% CI 0.8--1.3) more likely to suppress compare to those older than 13 years. Regimen prior to LM was not associated with virologic suppression after resumption of cART and was not included in the final model.

Among patients on PI-based regimens prior to LM, on resumption of PI-based cART 21/36 (58%) achieved VL suppression. Among the 46 patients on NNRTI-based first-line prior to LM, a third (2/6) patients suppressed on NNRTI-based regimens after resuming cART, while 31/40 (78%) suppressed on PI-based cART.

Discussion {#sec016}
==========

The majority of children placed on LM experienced declines in CD4, 8% experienced WHO stage 3 or 4 events, and 3 children died. Those with higher CD4 count at LM start, lower nadir CD4 and older age experienced bigger absolute declines in CD4 count. Our composite outcome of immune decline (either a drop in CD4 below 500 cells/μL for those starting LM with CD4 above 500 cells/μL, or for those starting LM with CD4 count of 500 or below, a drop in CD4 of more than 10%) was experienced by roughly half of patients. Predictors of immune decline were lower nadir CD4 count, and having a history of treatment interruption. After resuming cART, the majority of patients achieved virologic suppression and some immune recovery. Adolescents and those on NNRTI-based cART were less likely to achieve virologic suppression on resumption of cART.

Most children placed on LM had failed to suppress virologically for over a year. Time with unsuppressed VL prior to LM has decreased in more recent years suggesting a trend to earlier adoption of this strategy. About half our population had limited treatment options and were placed on LM after exposure to PI-based regimens, with 10 children having documented resistance to all PIs. The other half of children placed on LM had only had exposure to NNRTI-based first-line regimens and were placed on this strategy instead of switching directly to PI-based second-line. After LM few of these children resumed NNRTI-based cART and very few managed to suppress on this regimen. The majority resumed PI-based regimens and had good virologic outcomes. For these children being on LM delayed the initiation of second-line whilst risking further immune decline, although it is possible that barriers to adherence were addressed during this time so that adherence was optimized by the time second-line was started.

This study represents the largest cohort of children on LM, providing the most evidence on the use of this strategy. We explored outcomes of patients on resumption of cART following LM; only one US-based study of 36 patients has reported on similar outcomes.\[[@pone.0205455.ref023]\] Like all previous reports on LM outcomes, our observational study on immune decline on LM is subject to confounding by indication. Those with clinical or immunological deterioration on LM may be more likely to resume cART sooner, whilst those who are awaiting third-line and have no option but to remain on LM, may experience larger CD4 declines and longer duration on LM. This is shown in our results which indicate that those with shorter duration on LM and those on third-line or requiring salvage regimens were at higher risk of immune decline.

We had no data on adherence, and therefore could not directly assess the effect of LM as a strategy to improve adherence, or determine how much adherence influenced immunologic outcomes on LM or outcomes on resumption of cART. We did not have data on the reason for starting the patient on LM, and could only infer from the patient's treatment history. Resistance testing was not available for all patients. VL monitoring is not routinely performed for those on non-supressive regimens like LM, so we could not assess the virologic consequences of this strategy.

Our study had a larger and older study population than those previously published, but our results are largely in agreement. Linder et al reported generally larger immune declines, but children in their study started LM with lower CD4 counts, and had longer durations on LM (mean duration of over 2 years compared to our median of under 1 year).\[[@pone.0205455.ref015]\] A similar proportion of patients experienced stage 3 or 4 clinical events, but in our study 3 patients died whilst on LM, although we had no details on the cause. No other study has reported deaths while on this strategy. Our results are not representative of children \<3 years of age, and it is perhaps advisable to avoid LM in young children given the lack of data in this age group.

There has been some attempt to prospectively compare outcomes of holding regimens like LM, with other strategies to manage virologic failure in children. The IMPAACT P1094 study enrolled children failing non-NNRTI-based cART, and aimed to compare outcomes of those randomized to continue with failing cART versus changing to a holding regimen of lamivudine or emtricitabine monotherapy. The study was discontinued due to lack of enrolment, but results from the small study population indicate greater immune decline for those on holding regimens.\[[@pone.0205455.ref024]\] Fairlie et al report on a US-based cohort of children comparing strategies for managing children with virologic failure, including holding regimens such as LM, but were unable to reach conclusions about holding regimens as compared to switching to a new regimen, continuing on a failing regimen or discontinuing all cART, due to sample size constraints.\[[@pone.0205455.ref025]\] An observational study of children from a US-based cohort who interrupted treatment, either by discontinuing all cART or by being placed on LM, found better immune rebound after restarting cART among those on LM compared to restart after complete treatment interruption.\[[@pone.0205455.ref023]\]

This study provides useful evidence on the outcomes of children on LM and after resuming cART, providing guidance on which patients are at greater risk of immune deterioration on LM. This strategy should be avoided among children with low CD4 counts, and patients on LM require careful monitoring. Half of our study population were failing PI-based regimens and had limited treatment options available to them. As more HIV-positive children are started on PI-based cART due to earlier HIV diagnosis, it is likely that an increasing number of children will experience virological failure on PI-based cART. As long as treatment options for children remain scarce, and the risk of poor adherence and resistance continues, the use of holding regimens like LM, could increase as the numbers of children failing treatment grow. There is an urgent need for evidence to inform the optimal management of children with virological failure, as well as to inform second- and third-line options for children in resource-limited settings.\[[@pone.0205455.ref026]\] As new antiretrovirals such as the integrase inhibitors dolutegravir and raltegravir become more widely accessible, giving children more treatment options, the use if LM as an initial strategy to manage virologic failure in children should be reconsidered. Our findings that adolescents were less likely to achieve virologic suppression on resumption of cART, highlights the challenge of managing treatment failure and maintaining life-long adherence in this vulnerable population. Effective adherence support strategies are urgently needed as the number of adolescents on cART continues to grow.

To understand how best to manage virologic failure in children and adolescents, comparison between switching patients directly to second-line, keeping them on their failing regimen or discontinuing all treatment is needed. This will allow a better understanding of the benefits and potential risks of using holding regimens like LM.

Conclusion {#sec017}
==========

In conclusion, most patients experienced immune decline on LM, and its use should be avoided in those with low CD4 count. LM may be a useful strategy in the management of patients with virologic failure and poor adherence when treatment options are limited, but close clinical and immunological monitoring is required. Managing children with virologic failure will continue to be challenging until more treatment options and better adherence strategies are available.
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